RR. Semiautomatic segmentation of longitudinal computed tomography images in a rat model of lung injury by surfactant depletion. J Appl Physiol 118: 377-385, 2015. First published November 13, 2014 doi:10.1152/japplphysiol.00627.2014.-Quantitative analysis of computed tomography (CT) is essential to the study of acute lung injury. However, quantitative CT is made difficult by poor lung aeration, which complicates the critical step of image segmentation. To overcome this obstacle, this study sought to develop and validate a semiautomated, multilandmark, registration-based scheme for lung segmentation that is effective in conditions of poor aeration. Expiratory and inspiratory CT images were obtained in rats (n ϭ 8) with surfactant depletion of incremental severity to mimic worsening aeration. Trained operators manually delineated the images to provide a comparative landmark. Semiautomatic segmentation originated from a single, previously segmented reference image obtained at healthy baseline. Deformable registration of the target images (after surfactant depletion) was performed using the symmetric diffeomorphic transformation model with B-spline regularization. Registration used multiple landmarks (i.e., rib cage, spine, and lung parenchyma) to minimize the effect of poor aeration. Then target images were automatically segmented by applying the calculated transformation function to the reference image contour. Semiautomatically and manually segmented contours proved to be highly similar in all aeration conditions, including those characterized by more severe surfactant depletion and expiration. The Dice similarity coefficient was over 0.9 in most conditions, confirming high agreement, irrespective of poor aeration. Furthermore, CT density-based measurements of gas volume, tissue mass, and lung aeration distribution were minimally affected by the method of segmentation. Moving forward, multilandmark registration has the potential to streamline quantitative CT analysis by enabling semiautomatic image segmentation of lungs with a broad range of injury severity. semiautomatic segmentation; image registration; ARDS; computed tomography; image analysis QUANTITATIVE ANALYSIS OF computed tomography images (qCT) is a key method for the examination of acute respiratory distress syndrome (ARDS) (15). qCT can quantify several important aspects of ARDS pathophysiology, including lung injury severity, as indicated by lung mass (i.e., edema) (22) or gas content (11), degree of atelectasis and lung strain (deformation) (9, 13), and the regional heterogeneity of lung mechanics (10, 14). These capabilities are highly valuable in both research and clinical settings, where qCT can be used to trace the progression of lung injury, detect regional responses of lung mechanics to respiratory maneuvers (18) [i.e., recruitment, positive end-expiratory pressure (PEEP), and tidal volume], and independently predict ARDS mortality (10, 14) .
QUANTITATIVE ANALYSIS OF computed tomography images (qCT) is a key method for the examination of acute respiratory distress syndrome (ARDS) (15) . qCT can quantify several important aspects of ARDS pathophysiology, including lung injury severity, as indicated by lung mass (i.e., edema) (22) or gas content (11) , degree of atelectasis and lung strain (deformation) (9, 13) , and the regional heterogeneity of lung mechanics (10, 14) . These capabilities are highly valuable in both research and clinical settings, where qCT can be used to trace the progression of lung injury, detect regional responses of lung mechanics to respiratory maneuvers (18) [i.e., recruitment, positive end-expiratory pressure (PEEP), and tidal volume], and independently predict ARDS mortality (10, 14) .
The impressive findings of recent qCT studies have increased the interest in clinically practical methods of image processing. A prerequisite for any form of qCT lung analysis is the separation of pulmonary from nonpulmonary tissue. Lung masks must be precisely segmented so that they contain only lung parenchyma. However, this task is particularly difficult in ARDS. Automatic threshold-based segmentation (16) , using the high contrast between lung gas and surrounding tissue, performs poorly in ARDS due to its exclusion of high-density (injured) tissue from the image; only gas contents can be measured using this method. Advanced automatic and semiautomatic segmentation techniques are available (31) that use intrathoracic and extrathoracic landmark structures to detect the lung boundary (23, 28) . However, lung hyperdensities often mask these landmarks when injury is severe, making corrections by skilled human operators necessary.
As a consequence of the shortcomings of automatic techniques, manual segmentation (i.e., the manual delineation of lung borders from surrounding structures) remains integral to most clinical and laboratory work using qCT in ARDS. This method is time consuming and cumbersome, limiting the use of qCT to laboratories and research centers. Interpolation techniques have been developed to streamline manual segmentation (21, 24) . In this approach, a reduced sample of slices is segmented manually and followed by interpolation of missing information in the interposed slices. Unfortunately, this modified technique still requires heavy human involvement and is intrinsically prone to missing detail when injury is heterogeneous.
Registration-based segmentation provides a potential means of making qCT processing more rapid while retaining image accuracy. In registration, all studied images are matched with a reference image (I R ), which can be either a previous acquisition from the same subject, or a probabilistic atlas generated from a broad population of subjects (19, 20, 32) . The registration seeks to generate a transform function that maximizes the similarity between the target images (I T ) and I R . If the I R is segmented, the lung boundaries can be tracked in all other images by utilizing the transform function acquired from the registration. This methodology streamlines the processing of large sets of images and can be particularly useful when serial imaging is used to track disease progression or when multiple respiratory maneuvers are tested.
Here, we describe a semiautomated scheme for lung segmentation originating from healthy baseline images. All images were obtained in a surfactant depletion rat model of incremental severity to mimic worsening ARDS; while this model may not reproduce the inflammatory characteristics of ARDS in the short term, it mimics its radiological features by producing atelectasis and edema. To assess the usefulness of our approach, we tested two hypotheses: 1) that there is a high similarity between semiautomatically and manually segmented images; and 2) that the values of standard qCT measurements of lung injury are not altered by the proposed segmentation method. We have validated our registration-based method using manually segmented images and report that both hypotheses have been confirmed.
METHODS

Animal Preparation
The experiments were performed on male Sprague-Dawley rats (n ϭ 8, 320 Ϯ 30 g) following the protocol approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. Anesthesia was induced with 50 mg/kg intraperitoneal pentobarbital and maintained with one-third of the initial dosage injected every 60 min. Animals were transorally intubated with a 14-gauge, 2-in. catheter with sealant placed at the level of the vocal cords (DAP Products, Baltimore, MD) to prevent gas leakage. The rats were then connected to a custom-built small-animal ventilator, set with tidal volume of 10 ml/kg, respiratory rate of 60 breaths/min, and inspiratory time fraction of 0.3. PEEP of 5 cmH 2O and inspired fraction of O2 of 1.0 were maintained throughout the experiment to maintain acceptable oxygenation. The intubated, ventilated animals were placed supine in the CT scanner for the duration of the experiment and removed only to undergo pulmonary saline lavage (SL) procedures. Airway pressure was measured with a fiber-optic sensor (Samba Sensors, Vastra Frolunda, Sweden). Animals were paralyzed to provide immobility during imaging by injecting 1 mg/kg intravenous pancuronium bromide through a 24-gauge tail vein catheter. Heart rate and peripheral oxygen saturation levels were monitored by a veterinary pulse oximeter (Nonin Medical, Plymouth, MN). Body temperature was maintained at 37°C by a circulating warm water pad placed underneath the animal. After the last set of image acquisitions, animals were euthanized by lethal intravenous pentobarbital injection.
Surfactant Depletion
Baseline CT imaging was performed after the animal underwent a recruitment maneuver to eliminate atelectasis, which was performed by temporarily increasing PEEP to 9 cmH 2O (7) . Then rats underwent three SL procedures to induce surfactant depletion of increasing severity, each followed by image acquisition. For each SL, 10 ml/kg warmed (to body temperature) normal saline solution were instilled in the rat's lungs through the endotracheal tube and recovered by gentle suction using a 15-ml syringe. The animals were reconnected to the ventilator and repositioned in the scanner. Imaging was performed after a recruitment maneuver and a 3-min period of stabilization. SL, recruitment, and imaging were repeated in this sequence two additional times. The ranges of observed peripheral oxygen saturation were 90 -95% after one SL, 83-88% after two SL, and 72-78% after three SL instillations. Heart rate ranged between 300 and 380 beats/ min throughout the experiment. The weight of saline solution recovered after each SL was measured and used to estimate residual fluid left in the lung by subtracting it from the administered amount (1.20 Ϯ 0.31, 0.16 Ϯ 0.23, and 0.20 Ϯ 0.37 g following the first, second, and third SL procedures, respectively).
CT Imaging
High-resolution CT scans were acquired using an eXplore CT120 scanner (Gamma Medica, Northridge, CA). To avoid blurring due to respiratory motion, respiratory-gated images were acquired at endinspiration (EI) and end-expiration (EE) during 500-ms breath holds. Two hundred and twenty views over 180°were acquired for each EI and EE image. Only a single view per breath hold was acquired, and the total imaging time required to acquire the combination of EI and EE images was ϳ11 min. The image resolution adopted for this study was 50 m with 100 kV, 50 mA. All of the images were reconstructed to a 200-m isotropic resolution to decrease the number of slices and the time required for manual segmentation of the lungs.
Three-Dimensional Lung Segmentation
Manual segmentation. Manual segmentation of whole lung threedimensional masks was performed by trained operators using Microview version 2.3 software. All available 200-m-thick coronal slices were sequentially analyzed (from ventral to dorsal); 100 -150 slices were thus segmented in each animal, which required about 1.5 h per three-dimensional image. In each slice, operators manually outlined the lung borders, excluding the heart, the central airways, and the major blood vessels, but including all lung tissue, irrespective of its density. Specifically, the operators set image contrast to a fixed intensity window [2,000 Hounsfield units (HU)] and level (Ϫ1,000). After crude manual outlining, the software shrank this boundary to the closest density gap. The operators then refined the new boundary to correct for errors due to poor aeration. All of the operators received verbal and written instructions and practiced on a set of images obtained during previous experiments in healthy and surfactantdepleted animals.
Semiautomatic segmentation. Using a straightforward segmentation-by-registration approach as discussed in Ref. 25 , the CT scan of the baseline healthy subject served as the I R, and the IT was scanned after each subsequent SL procedure. In addition, a binary lung mask was obtained from the IR (MR); this can be done either by manual segmentation, as was used in this study, or using existing segmentation algorithms (16) . The image registration approach computes an image transformation ⌽ to match I R with IT. This transformation ⌽ is then applied to the MR to obtain the segmentation of the lungs in the IT: MT ϭ MR (⌽), where MT is binary lung mask obtained from the IT. However, lung injury causes variable degrees of regional hyperdensity and of lung deformation that render such direct registration unreliable. For this reason, we strengthened our approach by creating a multilandmark registration method that integrates a deformable registration technique with the use of bone masks as cues to predict the location of the lungs. The entire pipeline of image analysis is shown in Fig. 1 .
The ribs and spine were automatically segmented by thresholding the CT images for gray-scale values above ϩ100 HU. The bone mask for the reference I R is denoted as BR, and for the target SL image IT, it is denoted as BT. We computed the distance transform of BR and BT to derive D(BR) and D(BT).
To account for the effects of lung deformation, we executed two steps. In the first step, a rigid transform was computed by registering the binary bone masks, B R and BT, using mutual information as the similarity function. The second step computed a refined deformable transformation that added the distance transform of B R and BT, D(BR) and D(BT), which were integrated with BR and BT. We performed this deformable registration step using the symmetric diffeomorphic transformation model (2, 27) with third-order B-spline regularization (29) . 
Quantitative Image Analysis
Quantitative CT density analysis was performed using standard methodology on each image obtained through manual and semiautomatic segmentation. Key parameters of gas volume, aeration distribution, and tissue content were calculated following standard methodology, using custom Matlab code (8) . Lung gas volume in each region of interest (ROI) (Gas volume ROI) was estimated at EI and EE using the following equation (6):
The total weight of the lungs was then obtained using the equation:
where the term Total volumeROI included both gas and tissue volumes, and Mean CTROI denoted the mean of the lung density in HU within each ROI. The lung tissue density was considered as 1 g/ml in the equation. Whole lung ROIs were partitioned into tissue compartments with increasing aeration, as previously described. These were defined based on density ranges: 1) nonaerated (Ϫ100 to ϩ100 HU); 2) poorly aerated (Ϫ500 to Ϫ101 HU); 3) normally aerated (Ϫ900 to Ϫ501 HU); and 4) hyperinflated (Ϫ1,000 to Ϫ901 HU). The size of each compartment was measured as the percentage of lung volume it occupies.
Statistical Analysis
All data are shown as means Ϯ SD. To compare the results of semiautomatic and manual segmentation, two approaches were chosen.
1)
Overlap between manually and semiautomatically segmented images was quantified using the Dice similarity coefficient (DSC) (12) , which was calculated according to:
where X and Y represent the two segmentation masks. A DSC with value "1" corresponds to the exact overlap of two masks.
2) Agreement between the results of quantitative density analysis obtained from manually and semiautomatically segmented images was tested using Bland-Altman plots (5) and by calculating the 95% limits of agreement (LOA).
The effects of repeated SL and inspiration on lung volumes and weights were tested using ANOVA for repeated measures.
RESULTS
Similarity Between Segmentation Techniques
Three-dimensional lung masks obtained by manual and semiautomatic segmentation are displayed for the same representative rat after three SLs at EI and at EE (Fig. 2) . These three-dimensional rendering images show the outer lining of the lungs and, being partly transparent, allow viewing of high-density tissue (in red) inside the lung. The images showed adequate overlap of lung borders and similar masks of the lungs outlined by the two methodologies. The DSC confirmed high agreement between semiautomatic and manual segmentation (Table 1) . Similarity was more than adequate in all conditions and was marginally affected by the increasing severity of surfactant depletion (i.e., the number of SLs) and by imaging at EI vs. EE: we observed 7.6% difference between the best (after one SL at EI) and the worst (after three SLs at EE) imaging conditions. To test interobserver and intraobserver agreement for manual segmentation (the ground truth), all images from a randomly chosen animal were segmented once by two separate operators and twice by the same operator. DSC was higher than 0.965 for the same operator and higher than 0.931 for the two separate operators. Figure 3 shows axial EI (top) and EE (bottom) images obtained in a representative animal at baseline and after each incremental SL procedure. The unprocessed images are shown in the top row of each panel; in the middle row, manually and semiautomatically segmented images are shown for the same axial slices (only manual segmentations are available at baseline). In the bottom row, the frequency distributions of CT densities (in HU) of each segmented image are displayed (mean Ϯ SD density is also reported). CT intensity increased with the number of SLs. The density shift between EI and EE images documents the occurrence of tidal recruitment. The frequency distribution and dispersion of CT densities were affected by the number of SL procedures and by EI vs EE status, but they were always comparable between manual and semiautomatic images.
Agreement of Quantitative CT Analysis Results
Total lung weight and gas volume. Both lung weight and gas volumes were consistently comparable between manual and semiautomatic segmentation (Fig. 4) . Changes in lung volume (P Ͻ 0.01) reflected worsening injury severity due to SL repetitions and to the effects of inspiration (P Ͻ 0.01). Total lung mass, which was corrected for the weight of unrecovered images to obtain the bone mask. A multilandmark registration was then computed using both the pair of CT images and the pair of bone masks (after distance transform for the deformable registration). The resulting lung mask after saline lavage (SL) was computed by applying the transform to the baseline lung mask. IR, reference image; IT, target image; BR, bone mask for the reference IR; BT, bone mask for the target SL image IT; MR, binary lung mask obtained from the IR; MT, binary lung mask obtained from the IT.
saline, increased (P Ͻ 0.01) with each subsequent lavage, but was stable between EI and EE. We observed excellent agreement, as shown by a low LOA (2.80% of the median), and negligible bias (Ͻ0.10% of the median) between the two segmentation methods in the measurement of lung volumes (Fig. 5, left) . In the measurement of lung weights (Fig. 5,  right) , bias was minimal (Ͻ2.00% of the median), but the LOA was relatively larger (9.25% of the median), although acceptable, with limited outlier data beyond LOA. The differences between manual and semiautomatic segmentation were larger when weight was bigger, i.e., after three lavages, particularly at EE. The presence of a small proportional bias in the weight measurement was tested by regression analysis, and a positive correlation was found (slope ϭ 0.07, offset ϭ Ϫ0.25). Distribution of lung aeration. We also found excellent agreement (bias Ͻ 0.79% and LOA Ͻ 3.12% of the median values) between manual and semiautomatic segmentation in the measurement (obtained in each segmented image) of the amounts of lung tissue in each of the hyperaerated, normally aerated, poorly aerated, and nonaerated tissue compartments Coefficients were calculated for each set of images obtained after the first saline lavage, at end inspiration and end expiration.
( Fig. 6 ). As expected, the quota of poorly aerated and nonaerated tissue increased with the number of SL and at EE, at the expense of normally aerated lung. However, the LOA between semiautomatic and manual techniques remained very small in all conditions, and no relevant bias was detectable. The amount of hyperinflated tissue was minimal and nonrelevant in all conditions.
DISCUSSION
In this study, we designed a pipeline for the semiautomatic segmentation of the lung parenchyma in CT images of a rat model of ARDS. This approach utilized multilandmark registration to mitigate the clinically problematic labor intensity of the manual techniques and circumvent the limitations of existing automatic methods when used in ARDS. Our semiautomatic segmentations of three-dimensional images were superimposable to those obtained by trained operators using standard manual techniques. The high similarity between semiautomatic and manual images was maintained at all levels of radiological injury severity. Furthermore, our semiautomatic segmentation method had a minimal effect on the values of common qCT measurements of lung pathology.
Contour Similarity Between Methods of Segmentation
In our studies, similarity between semiautomatic and manual images was more than adequate (Ͼ0.856) in all conditions: the Dice's coefficient was always high (values Ͼ 0.85 are typically considered acceptable). Similarity was only slightly decreased when injury severity was highest, but only three images had values Ͻ 0.9, which were obtained in low-aeration conditions HU 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900 0 -500 -900
Baseline SL x1 SL x2 SL x3
End-inspiratory
End-expiratory that would challenge any method of segmentation, including a manual approach. Visual analysis of segmented three-dimensional images (Fig. 2 ) shows that semiautomatic segmentation was able to obtain high contour similarity with the reference method. However, manually segmented masks had more surface irregularities than the semiautomatic ones, the latter appearing more realistic. This was particularly evident after the second and third SLs at EE. Existing smoothing algorithms (i.e., time/frequency domain filters) could potentially improve the continuity of the contour. However, in conditions of poor aeration, high-density tissue in the lung periphery was more often mislabeled and lung boundaries more often overstepped by the operators. Therefore, when agreement between methodologies was lower, this may have been due to uncertainty in the reference manual measure rather than imprecision in the tested methodology.
Agreement Between qCT Measurements
Measurements of lung gas content, weight, and aeration partition had satisfactory agreement between the two methodologies in most conditions. This finding confirms that our segmentation technique enables for the measurement of physiologically meaningful variables, and that such measurements are minimally affected by the chosen technique.
A relatively higher (compared with the mean values) LOA was observed for lung weight, with increased dispersion when its mean value was elevated. Furthermore, a small positive proportional bias was observed for lung weight; using semiautomatic segmentation for lung weight resulted in slightly lower values than manual when injury was more severe. However, in these conditions (at EE after three SL), CT densities were so extreme that nonaerated tissue reached 60 -80% of total lung volume (a clinically uncommon condition). Otherwise, the agreement between methods was more than acceptable.
Comparison With Other Techniques
As shown in Table 2 , our proposed technique reduces operational time dramatically compared with a wholly manual segmentation approach; it streamlines data processing, allowing analysis of a large number of images, and it is minimally operator dependent. With current computing technology, semiautomatic segmentation does require significant time (4 -6 h per image) for offline computations. However, rapid improvement in computing power and algorithms will likely decrease offline computation time considerably in the near future.
The use of registration-based methodologies to segment the lungs has been reported previously (25, 30) . In these studies, a refined deformable registration (i.e., B-spline) was used after a global coarse (i.e., rigid) registration to optimize the similarity between target and reference. These image registration approaches in general assume that the intensities of the I R and the I T have similar patterns. However, in severe injury, the pathological regions may exhibit very different patterns of intensity and texture compared with the baseline image. This makes a direct registration between the baseline image I R and the target image I R‫گ‬T unreliable.
Conversely, the bone structure in the CT images, i.e., the ribs and spine, is stable before and after injury, which creates a good cue to predict the location of the lungs. Prior studies have used the rib cage and spine to classify potential lung voxels (17) or as the boundary location constraints (23, 26) . Our method, by adding the invariant features of the rib cage and spine positions into the registration framework, largely improves the registration accuracy, despite distinct intensity differences between I T and I R . These features are particularly helpful when no pattern or texture can be reliably identified (e.g., in nonaerated regions of the ARDS lung). They are also helpful when the pulmonary shape is deformed by atelectasis and variable lung inflation.
In three randomly chosen animals, we compared our method with a simpler affine registration algorithm. The DSC between the affine method and manually segmented images was smaller than with the proposed method after one SL (EI: 0.950 Ϯ 0. deformation after injury and during breathing, for which a simpler registration algorithm may not account.
Limitations
The most obvious limitation of our method is the need for a baseline mask of the healthy lung to allow the segmentation of registered I T ; this necessity reduces the clinical applicability of this approach. Baseline images can easily be obtained via automatic intensity thresholding, if lung parenchyma is mostly healthy, as most lung tissue has markedly lower density than surrounding structures. While this is not typically a problem in the experimental setting when a baseline is available, it is a serious limitation for this method's applicability in humans. Images may be available of many patients wherein the lung is totally or mostly healthy, e.g., preadmission, posttrauma screening, but this is not true for the majority of subjects.
The use of a probabilistic atlas could productively address this limitation (25) . Atlas-based segmentation has been widely used in segmenting various organs, particularly in brain mapping (1). Atlases are built from a large pool of sample images and matched with I T for segmentation. This process typically requires a number of parenchymal landmarks, which are often obscured by dense opacities in ARDS. Introducing rib and spine landmarks in the atlas, as described in this paper, decreases the reliance on intrapulmonary landmarks and will make segmentation from atlases possible, despite sample limitations. However, the agreement with the ground truth may be lower than in the present study, where our method was likely favored by using a I R of the same subject.
Another important limitation of our approach is that local ventilation and strain may not be accurately measurable when local pathology causes irregular distortion of lung tissue within its outer boundaries. Furthermore, the accuracy of our method is unclear when large positional changes (i.e., between supine and prone position) modify the relationship between lung surface and surrounding thoracic structures. These problems could be addressed in the future by adding more internal landmarks (i.e., conductive airways, large blood vessels) to better constrain the registration.
Conclusion
This preliminary study in surfactant-depleted rats tested the feasibility of a registration-based method of semiautomatic lung segmentation for quantitative CT analysis. The results show sufficient similarity between the images generated by our technique and those produced through manual segmentation by expert observers. The registration-based technique described here significantly reduces operational time compared with the manual approach. These findings confirm that semiautomatically segmented images can be used to measure physiologically meaningful data on disease severity in an animal model of mild-to-severe injury. This method is thus ready for use in ventilated rodent models of injury where healthy I R are available. Future studies are needed to test this methodology in larger animals and humans. The development of a probabilistic atlas could facilitate the expansion of this method for human research. 
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